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Introduction
Chronic Kidney Disease (CKD) increases in prevalence with advancing age. Between 31 and 45% of people over the age of 70 have CKD of Kidney Disease Improving Global Outcomes (KDIGO) stage 3a or worse 1, 2 . This decreased renal function is associated with increased all cause and cardiovascular mortality even in people over 75 years of age 3 . Although impaired physical function appears to be a risk marker for mortality in younger CKD patients 4 , it is less clear in older patients whether decreased renal function and impaired physical function are independent risk markers for mortality, or whether low glomerular filtration rate merely reflects frailty or impaired physical functionthemselves both powerful markers for mortality in older people 5 . Clarifying this issue is important, firstly in deciding whether labelling very old patients as having CKD serves a useful purpose, and secondly in considering whether intervening to ameliorate declines in renal function in the oldest old are likely to translate into clinically relevant benefits. This is of particular importance given that endstage renal failure is a comparatively less common mode of death in older CKD patients 3 .
Poor physical function and decreased exercise capacity have been found to exist in patients with CKD, and recent studies suggest that patients with CKD are both more likely to be frail 4 and to undergo more rapid decline in physical function 6 . This close relationship between CKD and physical function suggests that incorporating measures of physical function into analyses of outcome for older CKD patients is thus important. It also raise the question of how the presence of CKD impacts on the ability of older people to rehabilitate following illness.
We therefore undertook an analysis to examine the effect of CKD on mortality in very old patients, accounting for the effect of physical function. We also aimed to examine the effect of CKD stage on the ability of older people to successfully rehabilitate after illness.
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Methods

Study population
The study cohort was derived from a group of older patients who underwent inpatient rehabilitation over a 12 year period (from January 1999 to December 2011) in the Dundee Medicine for the Elderly service; details of the service and of a subset of the cohort have been published previously 7 . Patients were transferred to the rehabilitation unit after recovery from acute illness including stroke, fractures, general medical or general surgical illness. Data on routinely collected rehabilitation outcomes for the cohort includes the 20 point Barthel score (a measure of activities of daily living) 8 at admission and discharge. These data were linked to data held by the University of Dundee Health
Informatics Centre (HIC) on a range of other routinely collected healthcare measures 9 . Information on biochemistry and haematology results, hospitalisation data and diagnoses (Scottish Morbidity
Register 01) coded using ICD-10 codes were accessible in the linked dataset. Dates of death, derived from the Scottish Government Records Office, which records all deaths registered within Scotland, were also held by HIC in the linked dataset. For this analysis, data from the first admission to the rehabilitation service were used. Analyses of improvement in rehabilitation were confined to those who had an admission and discharge Barthel score recorded; survival analyses were confined to those alive at discharge from rehabilitation who had a discharge Barthel score recorded. A flowchart depicting the derivation of the analysis cohort is given in Figure 1 . Data Protection Office (Caldicott Guardian) approval was obtained prior to data linkage and analysis, but institutional review board approval was waived in view of the routinely collected nature of the data. Estimated GFR was derived from creatinine measures using the CKD-EPI equation 10 . Renal function was then categorised on the basis of the KDIGO chronic kidney disease classification 11 (>90 ml/min; 60-89 ml/min; 45-59 ml/min; 30-44 ml/min; 15-29 ml/min and <15 ml/min). Data on proteinuria was not available and hence was not included in analyses; only a small proportion of patients had phosphate or bicarbonate measurements performed as these analytes were not part of standard biochemistry panels; these analytes are therefore not included in the analyses. Specific morbidities (ischaemic heart disease, stroke, heart failure or COPD) were coded from ICD-10 codes on the basis This article is made available through a Creative Commons Attribution Non-Commercial No Derivatives License: https://creativecommons.org/licenses/by-nc-nd/3.0/ 7 of previous hospitalisations for myocardial infarction, stroke, and heart failure. Diabetes status (present or absent) was taken from linked data from the Scottish Care Information -Diabetes Collaboration (SCI-DC) database 12 , also held by HIC. Cancer diagnosis in the five years prior to rehabilitation admission was taken from the Scottish Cancer Registry (SMR06) records, held by HIC.
Exposure and Outcome measures and covariates
Data analysis
Descriptive statistics were generated for each category of eGFR; values in each category were compared to the reference group (eGFR>90ml/min/1. categories of renal function. Both unadjusted models and models adjusted for a range of covariates were developed; adjusted models all used forced entry of covariates, which were selected a priori on the basis of biological plausibility. Covariates used in the analysis were age, sex, previous hospital admission for myocardial infarction, stroke, heart failure, or COPD, presence of diabetes mellitus, 3012 patients were alive at discharge from rehabilitation and had data on all covariates, including discharge Barthel score; the mean follow up from date of discharge to the censor date for this group was 8.3 years (SD 3.4 years), with 2394 (79%) of patients dying during this follow-up period. Table 1 gives baseline data on this analysed study cohort. No patient in the study was undergoing renal replacement therapy during rehabilitation. During rehabilitation, CKD class did not change in 1966/3012 (65.3%), CKD class worsened in 406/3012 (13.5%) and improved in 640/3012 (21.2%) 
Association of renal function with rehabilitation outcome
Association of renal function and functional status with survival
3012 individuals were included in this analysis; data on one or more covariates were missing for the excluded individuals. 2394 (79%) had died by the censor date of 23rd July 2012. Unadjusted and adjusted hazard ratios for survival, calculated using Cox regression analysis, are given in Table 3 .
This
Worsening eGFR was associated with a greater risk of death as expected; within each eGFR category, higher discharge Barthel scores were associated with a lower risk of death. The relationship between discharge Barthel score and death was similar across all eGFR categories.
Interaction between Barthel score and eGFR on survival Figure 2 shows the interaction between Barthel score and eGFR category, suggesting that Barthel score remained an independent predictor of outcome within each eGFR category. A formal test of interaction between eGFR and discharge Barthel score within the Cox regression analysis did not however reach significance (p=0.19)
Discussion
Our results show that in very old, functionally impaired people, both renal function and activities of daily living (an indirect measure of physical and psychosocial function) are independently associated with the risk of death, with a clear relationship between both severity of CKD and risk of death and ADL impairment and risk of death. This relationship is evident even with relatively mild impairment in renal function, and is still evident after adjusting for functional status as measured by the Barthel score; indeed the relationship between renal function and mortality is more pronounced in those with worse Barthel scores, suggesting that both factors contribute independently to the risk of mortality. We also found that in this group of older people, advanced CKD still derived benefit from rehabilitation, with similar improvements seen to those without advanced CKD. These finding support the current KDIGO guidance encouraging exercise for patients with CKD across all ages and severity categories 13 .
The relationship between CKD and mortality is well described, and this relationship extends to older patients 14, 15 . Debate continues as to whether CKD, especially less severe CKD (e.g. stage 3a) is a causal factor in older people or simply represents either normal ageing or a marker of disease burden, frailty and impaired homeostatic reserve 16, 17 . A weakness of previous studies is that few 20, 21 . Systematically reviewed trial data confirms that exercise training can improve physical function in patients with CKD 22 , but few trials included very old participants, and it is not clear whether these benefits can be realised in inpatient rehabilitation services, especially given the higher risk of cognitive impairment, infection and vascular events, all of which can interfere with successful rehabilitation. Our results are therefore reassuring, suggesting that rehabilitation is likely to be effective for very old patients even with advanced CKD, and that CKD should not be used to limit access to rehabilitation. This is in accord with the current evidence that exercise and physical activity are beneficial for patients with CKD 4, 22 .
Disentangling causal relationships between CKD, functional impairment and mortality is difficult.
CKD is strongly related to vascular disease, and vascular disease accounts for between one third and one half of the decline in physical function with age 23 . Previous work has suggested common antecedents for both CKD and cognitive impairment in those aged 65 and over 
Strengths and weaknesses
Our study has a number of strengths. The cohort were very old, with a high burden of comorbid disease, reflecting real-life practice. The use of routinely collected data also enhances the generalizability of the results as this population were not preselected for enrolment in a study. Use of a rehabilitation cohort allowed us to use a measure of functional status on a large number of patients; many previous studies have not been able to adjust for measures of physical function, which is critical in any analysis of outcomes in older people. The linked data available in the area of study allowed for inclusion of a range of biochemical and comorbidity variables.
A number of weaknesses also deserve comment. Routinely collected data are by their nature incomplete, and a number of variables of potential interest were either not collected (e.g. detailed measures of cognition, weight, blood pressure, walk tests and grip strength), or were collected on only a small, selected subgroup (e.g. bicarbonate and phosphate measures). We are unable therefore to derive a frailty score along the lines originally proposed by Fried et al 26 . Similarly, low eGFR may reflect a higher burden of antecedent illness; the diagnostic coding that we used does not
give information about illness severity, although we would expect this to be at least partly captured by the Barthel score. We used the CKD-EPI equation to estimate GFR; debate continues as to the relative merits of different methods of GFR estimation in very old people. The lack of weight data means that we are unable to adjust our estimates for very low muscle body mass; CKD-EPI is likely to overestimate eGFR in those with very low muscle mass. However, those with an eGFR of >90ml/min/1.73m 2 did not have a higher mortality rate than those with an eGFR of 60-90ml/min/1.73m 2 , as would be expected if this was a major bias in our cohort. Cystatin C was not This article is made available through a Creative Commons Attribution Non-Commercial No Derivatives License: https://creativecommons.org/licenses/by-nc-nd/3.0/ 12 measured as part of routine care in this cohort, hence we were constrained to using a creatininebased measure. A recent large cohort study of patients aged 65 and over concluded that the CKD stage classification derived from CKD-EPI and MDRD4 was similar 15 . Some patients included in our study did not have stable kidney function, and hence the opportunity for misclassification arises. Our use of broad ranges of eGFR reduces the chance of misclassification based on changes between eGFR measurements however, and such changes after acute illness (both improvement and deterioration) reflect the complexity of managing older, frail patients with multimorbid disease, and hence reflect real-life clinical practice.
Another potential confounding factor in analysing renal function in older people is the loss of lean muscle mass (sarcopenia) with age. Although CKD-EPI partially adjusts for this loss by including age and sex in the equation, those with marked sarcopenia will have a disproportionately low muscle mass for their age and sex; these individuals will have been misclassified as having better renal function that they possess. Given that low muscle mass is a marker of increased mortality, the real relationship between impaired renal function and mortality may be even stronger than we observed, although our adjustment for Barthel score would be expected to at least partially reflect muscle mass. Whilst our results are applicable to those patients selected to undergo rehabilitation, they may not necessarily hold in fitter older people, or conversely in a general, older, frail population, not all of whom would be selected for rehabilitation after acute illness.
Our findings lend weight to the importance of CKD as an independent risk factor for mortality even in very old patients, confirm that even mild CKD (stage 3a) is a risk marker for mortality, and highlight that this relationship is most marked in the most functionally impaired patients.
Observational studies cannot confirm causality however, and future work needs to focus on interventions to improve renal function or prevent decline in renal function, with a view to testing whether such interventions also improve functional status and reduce mortality in older people.
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Additional studies examining the interplay between frailty, cognition and renal function in very old patients would usefully extend our current knowledge, as would examining markers of potential pathophysiological derangements (e.g. inflammation, oxidative stress and markers of vascular and metabolic health) that might cause both CKD and functional decline. Such studies need to focus on earlier stage CKD (stages 3a, 3b and 4) in older people, as these stages are both common in older people and hold out the best hope for preventative approaches before potentially permanent vascular, cognitive and functional harm has occurred.
Conclusion
Impaired kidney function is an independent contributor to increased mortality risk in the older population, however, it is not a barrier to successful rehabilitation even in the very old. 
